Despite its ancient origin, global distribution and abundance in nearly all habitats, the class Collembola is comprised of only 8000 described species and is estimated to number no more than 50 000. Many morphologically defined species have broad geographical ranges that span continents, and recent molecular work has revealed high genetic diversity within species. However, the evolutionary significance of this genetic diversity is unknown. In this study, we sample five morphological species of the globally distributed genus Lepidocyrtus from 14 Panamanian sampling sites to characterize genetic diversity and test morphospecies against the biological species concept. Mitochondrial and nuclear DNA sequence data were analysed and a total of 58 molecular lineages revealed. Deep lineage diversification was recovered, with 30 molecular lineages estimated to have established more than 10 million years ago, and the origin almost all contemporary lineages preceding the onset of the Pleistocene (~2 Mya). Thirty-four lineages were sampled in sympatry revealing unambiguous cosegregation of mitochondrial and nuclear DNA sequence variation, consistent with biological species. Species richness within the class Collembola and the geographical structure of this diversity are substantially misrepresented components of terrestrial animal biodiversity. We speculate that global species richness of Collembola could be at least an order of magnitude greater than a previous estimate of 50 000 species.
Introduction
Soil and canopy rainforest communities comprise representatives of almost all higher order terrestrial taxonomic groups. They are tremendously diverse, both at local and at global scales (Ødegaard 2000; Lavelle et al. 2006) , and it has been estimated that as much as 25% and 40% of extant species reside in soil and canopy habitats, respectively (Ozanne et al. 2003; Deca€ ens 2010) . The quantification and spatial characterization of this biodiversity is a key goal for biologists. However, much of this diversity comprises animal species of small body size, and as in any ecosystem, the void of knowledge is negatively related to the size class of organisms. The mesofauna (organisms from 100 lm to 2 mm in size) of both soil and canopy habitats suffers from a deficit of interest from the scientific community (Deca€ ens 2010). Collembola (springtails) are a class of wingless hexapods and are often the most abundant mesofaunal arthropods collected in rainforest canopies (Rodgers & Kitching 2010) and soil ecosystems (Hopkin 1997) . Despite their worldwide distribution, they are only moderately diverse in terms of species number (approximately 8000 described species) compared with other hexapod groups [e.g. 360 000-400 000 species within the order Coleoptera (Scheffers et al. 2012) ]. Although progress that has been made regarding Collembola taxonomy over recent decades, with the identification of important new morphological characters and a significant growth of newly described species (Deharveng 2004) , global species richness remains low. Estimates of global species richness within the hexapod class Insecta are in the order of 5 000 000 (Gaston 1991) , while for Collembola, the other major hexapod class, the global species richness is estimated to be only approximately 50 000 species, even when one takes into account the under-sampling of species with restricted distributions (Hopkin 1997) . However, recent molecular genetic studies present evidence that springtail biodiversity may be vastly underestimated because of pervasive cryptic species diversity within morphologically defined species of Collembola (Emerson et al. 2011; Porco et al. 2012a) . Many morphologically defined species investigated to date have revealed high levels of deeply divergent DNA sequence diversity at both broad and fine geographical scales (Timmermans et al. 2005; Stevens et al. 2006; Garrick et al. 2007; Cicconardi et al. 2010; Torricelli et al. 2010; Porco et al. 2012b; RamirezGonzalez et al. 2013) . More recently Emerson et al. (2011) have analysed geographically referenced barcode sequences from the mitochondrial DNA (mtDNA) COI gene belonging to 105 morphologically defined species. Their analyses revealed that highly divergent mtDNA sequence variation within morphospecies is a taxonomically and geographically pervasive feature within Collembola and most likely a signature of cryptic species diversity.
A hypothesis of pervasive cryptic species diversity is also consistent with the Collembola fossil record. Fossils of Rhyniella praecursor (410 Mya), originally described from the Rhynie Chert of England (Hirst & Maulik 1926) , have been placed in the modern family Isotomidae because of their modern morphological characters (Whalley & Jarzembowski 1981; Greenslade & Whalley 1986) . Baltic amber fossils from the Early Eocene (50-45 Mya) are dominated by species belonging to contemporary genera, and in some cases, these have been assigned to extant species (Rapoport 1971) . Morphological identity between fossil and modern assemblages is also reported in Early Miocene amber from Chiapas (23-16 Mya), from Mexico and from the Dominican Republic (23-20 Mya) where seven specimens could be placed into extant species (Christiansen 1971; Mari-Mutt 1983a) . This propensity for morphological stasis over long periods of time fits well with the hypothesis that classically defined morphospecies are an underestimation of the true collembolan biodiversity.
Many Collembola genera are distributed globally, with the ranges of many species spanning continents. While extensive passive dispersal can be invoked to explain such distributions, it remains equally plausible that the broad distributions of many morphospecies could be representative of cryptic species diversity. The genus Lepidocyrtus Bourlet, 1839 (Entomobryidae: Lepidocyrtinae) is one of the largest genera of Collembola (Hopkin 1997) . It has a worldwide distribution and includes more than 250 described species, many of which have distributions spanning more than one continent. A recent molecular analysis of the seven Lepidocyrtus morphospecies inhabiting the northwestern Mediterranean basin was conducted, using both mitochondrial and nuclear DNA sequence data. The analysis revealed a high level of deeply divergent and geographically congruent mitochondrial and nuclear DNA sequence variation within the seven species (Cicconardi et al. 2010) . Specimens from 24 distinct geographical locations revealed 52 phylogenetic lineages, defined as branches of a phylogenetic tree obtained through the joint use of unlinked loci, predating the onset of the Pleistocene 1.8 Mya, with 35 of these lineages originating more than 5.8 Mya. The implications of the results of Cicconardi et al. (2010) for cryptic diversity within the Collembola on a global scale are profound when one considers the broader geographical ranges of the seven morphospecies investigated. Their ranges extend beyond the northwestern Mediterranean basin, with five of them spanning the Palaearctic and Nearctic regions. While evidence is mounting that some morphologically defined species of Collembola comprise divergent phylogenetic lineages, the significance of these in terms of conventional species concept is unclear. Cicconardi et al. (2010) obtained some evidence that some of these lineages conform to species under Mayr's (1942) biological species concept (BSC); however, their evidence was limited to an assessment of only two sympatric lineages. The worldwide distribution of the genus Lepidocyrtus provides ample opportunity for extending the sampling of Cicconardi et al. (2010) to investigate the temporal and spatial properties and biological significance of cryptic molecular lineage diversity. We define a molecular lineage within a morphological defined species of Collembola a group of individual, or an individual, that are reciprocally defined as a monophyletic (group of individuals) or as a divergent lineage (single individuals) by unlinked loci.
The Isthmus of Panama is a narrow strip of land, which links Central America with South America, and it is among the five most important global biodiversity hotspots (Myers et al. 2000; Briggs 2007; Joppa et al. 2011) . Contrasting with temperate species that typically exhibit a more habitual association with soil and leaf litter, tropical collembolan species are ecologically distinct from their temperate relatives and exhibit different seasonality and a closer association with the subcanopy (Rodgers & Kitching 1998 , 2010 Detsis 2000; Cutz-Pool et al. 2010) . The combined processes of plate disassembly and redistribution, phases of global warming and cooling (Molnar 2008) , together with dating of volcanic arcs and geological formations (Coates et al. 2003; Wegner et al. 2010; Montes et al. 2012 ) also render the Isthmus of Panama an informative region for biogeographical inference. In this study, we sample one formally described and four yet to be formally described morphospecies within the genus Lepidocyrtus from 14 sampling sites spanning the Isthmus of Panama for the quantification of molecular lineage diversity, its temporal and spatial structure, and the consistency of these lineages with the BSC. To achieve this, we analyse DNA sequences from the mtDNA cytochrome c oxidase subunit II (COII) gene and the nuclear elongation factor 1a (EF1a) gene. We reconstruct phylogenetic lineage origin in a temporal and spatial framework using molecular phylogenetic tools, a molecular clock for Lepidocyrtus and geological data. We then evaluate molecular lineages within morphospecies against the BSC, testing Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) among lineages in sympatry.
Methods

Data collection
Specimens were collected from 14 sampling sites across the Isthmus of Panama ( Fig. 1 ; Table 1 ). Specimens were collected from leaf litter and from plants to a height of two metres using Berlese/Tullgren funnel and an automatic aspirator and stored at À80°C in 95% alcohol. According to several authors, the genus Lepidocyrtus is generally recognized to be comprised of 10 subgenera (Yoshii & Suhardjono 1989; Wang et al. 2003) . However, this subdivision is not universally accepted, and a general re-evaluation of many of the characters used has been advocated (Soto-Adames 2000) . Characters used to recognize genera, subgenera and species within Lepidocyrtinae range from size and shape of the body, or parts of the body, to the many characters within body chaetotaxy (Yosii 1959; Gisin 1964 Gisin , 1965 Szeptycki 1967 Szeptycki , 1979 Mateos 2008 Mateos , 2012 . Diagnostic keys are generally not available for all described species and only in recent years have some keys been proposed for specific groups of species or genera (Mateos 2008 (Mateos , 2011 (Mateos , 2012 Mateos & Petersen 2012; Xu et al. 2013) . The lack of usable keys compels authors interested in specific taxa and geographical regions to refer directly to the available descriptions of species within an area of interest. The morphospecies analysed in this study are identified and separated on the basis of several diagnostic characters, with reference to the literature available for Neotropic and Panama/ Costa Rica springtails (Denis 1933; Mari-Mutt 1983b, Table 1 . Circle size represents the number of sampled specimens, and colours indicate the number of molecular lineages within each sampling site.
1986; Mari-Mutt & Bellinger 1990 , 1996 and with dichotomous keys available online (http://www.collembola.org/). Total genomic DNA was extracted using the DNeasy Tissue Kit (Qiagen Inc., Valencia, CA, USA) with the following variations. For all samples, the entire specimen was soaked in lysis buffer at 50°C for 12-24 h, depending on the specimen size, in order to allow for DNA extraction and the preservation of the thin cuticle. The cuticles were subsequently mounted on slides for further morphological analysis. The mtDNA gene COII was amplified via the polymerase chain reaction (PCR) using a combination of primers described in the literature (Cicconardi et al. 2010 ). The nuclear gene EF1a amplification was accomplished using a combination of primers designed specifically for Lepidocyrtus (EF1a_LepF: 5′-CAT GAT YAC KGG TAC CTC TCA-3′; EF1a_LepR1: 5′-GCA TCM CCM GAT TTG ATA GC-3′; EF1a_LepR2: 5′-GCC TCA ACG CAC ATG GGC TTA-3′). PCR products were gel-purified (Wizard SV Gel and PCR Clean-Up kit, Promega) and sequenced in both directions at the John Innes Centre (Norwich, UK). Sequences were manually checked and corrected using FINCHTV, v. 1.4.0 (Geospiza Inc., Seattle, WA, USA). Double peaks in the nuclear sequences, corresponding to allelic differences in heterozygous individuals, were scored, and PHASE, v. 2.1.1 (Stephens et al. 2001) , was used to resolve the two alleles for heterozygous individuals, as in Cicconardi et al. (2010) . All alleles that could not be phased were left unspecified and coded in accordance with the IUPAC code table.
Uncorrected pairwise distances (p) (Nei 1987) were calculated with PAUP*, v. 4.0b10 (Swofford 2003) . The partitioning of genetic variance within both the COII and EF1a data sets among morphological species, among sampling sites and within sampling sites was measured using an AMOVA strategy as implemented in ARLEQUIN, v. 3.5.1.2 (Excoffier & Lischer 2010) , and its statistical significance tested based on 10 000 permutations.
Phylogenetic analyses and divergence time estimation
Sequences from both markers were manually aligned with SEAVIEW, v. 4.1 (Gouy et al. 2010) , taking into account the translated amino acid sequence. For COII sequences, all gaps were retained in the alignment. For EF1a, forward and reverse sequences were first assembled as contigs and the intron regions removed due to the inability to align them unambiguously. For maximum-likelihood (ML) and Bayesian inference (BI) analyses, the most appropriate substitution model was selected excluding invariant characters (Ι) to avoid overfitting. For each of the two loci, the best nucleotide substitution model was inferred among 44 (for GARLI and BEAST) and 12 models (for MRBAYES for its more restricted model selection list) according to the Akaike information criterion as implemented in JMODELTEST, v. 0.1.1 (Posada 2008) . Three individuals from undescribed Seira spp. (Collembola: Entomobryidae: Seirinae), sampled in the same collection area, were used as outgroups in all analyses. For each data set, the ML searches, as implemented in GARLI, v. 2 (Zwickl 2006) , were performed, retaining the best tree out of 20 +5 runs from random starting trees, using the best-fit model, allowing the algorithm to estimate parameters. Runs were continued until no improvement in log likelihood >0.01 was observed for 50 000 generations. After the best tree was found, 1000 ML nonparametric bootstrap replicates were performed and the result summarized using the To build a 'species' tree, where 'species' should represent any group of individuals that, after some divergence time, are reproductively isolated with respect to individuals outside that group, a coalescence tree model for species or divergent populations within species needs to be inferred (Heled & Drummond 2010) . Because it has been suggested that mtDNA markers provide a better indication of true species diversity compared with nuclear loci (Tang et al. 2012) , we used the COII gene tree to define such coalescence units. A preliminary chronogram was built with BEAST, v1.7.2 (Drummond et al. 2012) , by performing two independent analyses (five independent runs of 5*10 6 generations, a burn-in of 1*10 6 generations, sampling every 100th generation), using two different tree priors (coalescence: constant size; speciation: Yule process). The two parallel analyses were carried out to evaluate possible tree shape prior bias. All runs within each of the two analyses were combined to produce a maximum clade credibility trees to define 'intraspecies' branching pattern under the general mixed Yule coalescent (GMYC) model (Pons et al. 2006) as implemented in the R-script GMYC (Powell 2012) (http://www.r-project. org), using default settings for single and multiple threshold analysis. Coalescence units, branches below which tree shape shifts from a species to a population pattern, identified by the GMYC analysis were used as traits, and both genetic markers were used to define phylogenetic relationships among coalescent units using the species tree method implemented in * BEAST (Heled & Drummond 2010) , within BEAST, v1.7.2. The multispecies coalescent model estimates a species tree by assuming gene trees are embedded inside it and following the stochastic coalescent process back in time. The uncorrelated relaxed clock (Drummond et al. 2006 ) was used for both markers, setting a conservative Lepidocyrtus COII substitution rate of 2.45*10 À2 substitutions/site/myr (described by Cicconardi et al. (2010) ) and estimating the EF1a rate relative to mtDNA. The three specimens of Seira spp. were used as outgroups, and the Yule process tree prior was used. Five independent runs of 5*10 8 MCMC generations were executed, sampling every 10 000th generation and samples combined using LOGCOMBINER, v. 1.7.2 (Drummond et al. 2012) . TRACER, v. 1.5 (Rambaut & Drummond 2007) , was used to evaluate convergence among the independent runs and to define the appropriate burn-in. Posterior distributions and parameters were also evaluated by examining their effective sample size (ESS). TREEANNOTATOR, v. 1.7.2 (Drummond et al. 2012) , was subsequently used to summarize the obtained trees as a single consensus tree representing the posterior distribution. All phylogenetic analyses were performed independently and nodal support values extracted from the combined log file and presented on the tree topology extracted from the * BEAST analysis. We used the Wilcoxon rank-sum test (Wilcoxon-Mann-Whitney test), as implemented in R project (http://www.r-project.org), to evaluate hypotheses concerning the ages of phylogenetic lineages and their geographical distribution.
Molecular lineages and the biological species concept
We define phylogenetic lineages as clades obtained through the joint use of nuclear and mitochondrial loci, and we define molecular lineages as terminal monophyletic clades or single specimen lineages composed of the same individuals in both COII and EF1a gene trees. To graphically illustrate molecular lineages, we constructed a visualization plot of terminal monophyletic clades for both the COII and EF1a gene trees using the software package Circos (http://www.circos.ca/). Molecular lineages within morphospecies were then formally evaluated for consistency with the BSC (Mayr 1942 
Results
Morphospecies delineation
A total of 99 specimens were sampled from the genus Lepidocyrtus (Table 1 , Fig. 1 ), which were assigned to five morphospecies. One of the morphospecies was assigned to Lepidocyrtus cf vexans Denis 1933 (52 specimens) because the characters observed in the specimens were generally congruent with those proposed by Denis in describing his new species, such as size, shape of the claw and mucron, several of the ratios proposed, the presence of a field of small sensory cylindrical sensilla positioned in the internal face distally to the III Ant. and the position and shape of scales (Fig. S1 , Supporting information). The remaining specimens clearly different from L. cf vexans being smaller, with a different pattern of pigmentation (when present) and patterns of macrochaetae distribution, tricobrotria and fan-shaped setae on Abd II-IV more typical of the genus. The remaining specimens fell into two groups. Specimens from the first group appear morphologically close to L. balteatus Mari Mutt 1983, on the basis of many characters (chaetotaxy along the ventral line of the head, labial chaetotaxy MrEL1L2, absence of antennal scales, same morphology of the mucro and maxillary palp, presence of dental tubercle, trochanteral organ and distribution of trichobothria and the accessory setae on Abd II and III) (Fig. S1 , Supporting information). At variance, other characters appear quite different, such as the shape of the foot complex and the chaetotaxy of the Abd IV that has the anterior trichobothrium with four fan-shaped setae in L. balteatus, while only three in the specimens studied here. Additional differences relate to patterns of pigmentation. Some specimens follow the model of L. balteatus, defined as bearing two pigment bands, while many other specimens show only one band or are completely depigmented. Among the group of specimens tentatively indicated as L. cf balteatus within this work, the character 'body pigmentation' seems to be the more important to separate them. Other morphological traits such as labial chaetotaxy and chaetotaxy of the Abd. II-IV also show some variation that is, nevertheless, difficult to interpret because setae or trichobothria are sometimes broken or absent. These three closely related species are therefore named according to their body pigmentation pattern as L. cf. balteatus with one (19 specimens), with two (21 specimens) and without (three specimens) pigmented bands. Another completely undescribed species was also recovered (Lepidocyrtus sp.) (four specimens). Its habitus differ from the others by a clear and distinct distribution and abundance of thoracic macrochaetotaxy, were less abundant and were recovered in only a few sampling sites (Table 1) .
DNA sequence variation
Sequences from the mitochondrial gene COII were obtained from 96 specimens from across the 14 sampling sites, yielding 77 unique haplotypes from across 30 morphospecies populations. The number of sequences per morphospecies ranges from 19 to 51 for the three more abundant species and three sequences each for the remaining two species. MtDNA COII sequences range in length from 665 to 677 nucleotides (nt). Length variation is explained by an indel of 12 nucleotides corresponding to four contiguous amino acids, recovered in 42 specimens all belonging to the L. balteatus complex. Another single triplet indel was also recovered in two specimens belonging to the same morphological species from the same sampling site. Using invertebrate mitochondrial nucleotide translation table, none of the two indels caused shifting or interruption of the protein-coding sequence. The HasegawaKishino-Yano model plus gamma (HKY+Γ) was selected as the most appropriate model for GARLI (ML) and BEAST (BI), while the general time-reversible model plus gamma (GTR+Γ) was selected for MRBAYES (BI). Individuals with identical haplotypes belong to the same morphological species from the same sampling site, with the exception of a single haplotype sampled from two specimens of the same morphospecies in two different sampling sites. Genetic variation within the COII locus is remarkably high. Considering COII pairwise p-distances (p), the distribution has a median of 0.23p, a mean 0.21p and the highest value of 0.31p. Furthermore, almost all pairwise comparisons (97%) have values above 0.10p (Fig. S2 , Supporting information). The AMOVA reveals that 28.21% of the genetic variation within the COII gene is explained by differences among morphospecies, 27.53% occurs among populations within morphospecies, while the highest proportion, 44.26%, occurs within populations (Table 2 , Fig.  S3 , Supporting information). Sequences from the nuclear gene EF1a were obtained from 80 specimens from 14 sampling sites, representing a total of 29 morphospecies populations. Sixteen specimens could not be amplified due to limited DNA template. The number of sequenced individuals per morphospecies ranges from 15 to 45 in the three more common species, and two and three in the remaining two species. The Lepidocyrtus EF1a has three exons of differing length (exon I: 396 bp; exon II: 219 bp; exon III: 236 bp) and four intronic sequences with high nucleotide polymorphism and length variation (intron I: 46-102 bp; intron II: 84-108 bp; intron III: 108-130 bp; intron IV: 52-131 bp). High variation within the EF1a locus is also exemplified by the 3rd intron that is found in only three individuals, representing three different morphospecies from three different sampling sites. Only six of 80 specimens were not perfectly phased, involving only seven nucleotide positions, and ambiguities were substituted with IUPAC coding. The model of molecular evolution that best fits the data for both GARLI (ML) and BEAST (BI) is the equal-frequency Tamura-Nei model plus gamma (TrNef+Γ) model, while the general time-reversible model plus gamma (GTR+Γ) model was selected for MRBAYES (BI). A total of 77 unique alleles are recovered. Considering only the coding region of the gene, the locus shows an observed heterozygosity (Ho) of 0.28, which increases to 0.53 when introns are also taken into account. Fourteen alleles were sampled from more than one specimen, of which 13 were sampled from different specimens from the same sampling site, with the remaining allele sampled from two geographically very close populations (SF and CM, Fig. 1 ). As expected, the nuclear locus exhibits less genetic divergence with respect to mtDNA loci, but divergences within and among morphospecies are still substantial for a nuclear locus. Considering the distribution of nucleotide diversity, the median value is 0.11p, with a mean value of 0.08p and a maximum value of 0.14p (Fig. S2, Supporting information ). An AMOVA reveals that 70.82% of the observed variation is explained by differences among morphospecies, while 16.04% and 13.14% of variations are explained by differences among populations within morphospecies and within populations, respectively (Table 2 , Fig. S3, Supporting information) . The higher proportion of shared variation among morphospecies with regard to the EF1a, compared with COII, is expected and in line with the generally lesser nucleotide substitution rate of the nuclear genome compared to that of mtDNA.
Phylogenetic analysis and divergent time estimation
Phylogenetic analyses using both ML (GARLI) and BI (MRBAYES) with the same molecular marker resulted in the same topology, with the exception of only a few nodes characterized by very low support (Fig. S4-S5 , 
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Pleist. branching pattern among lineages, reflect long-term persistence of phylogenetic lineages within restricted geographical limits. Very similar findings have been observed in other studies of Collembola, where geologically old and geographically discrete phylogenetic lineages have also been recovered (Garrick et al. 2007; Cicconardi et al. 2010; Torricelli et al. 2010; RamirezGonzalez et al. 2013) .
The number of phylogenetic lineages through time plot (Fig. 2) indicates two inflation points, one between 20 and 15 Mya (T 1 ) and another more recent, approximately 2.5 Mya (T 2 ). Although we consider our rate calibration to potentially underestimate the timing of divergence events, as inferred by the comparative analysis performed by Cicconardi et al. (2010) , these inflation points exhibit good agreement with major paleogeographical and paleoclimatic phenomena. The Panama region went through a general and rapid shallowing (19-12 Mya), from a deep-marine (lower bathyal) environment to a coastal/fluvial environment, with continual emergence and erosion of volcanic arcs in the early-late Miocene (Coates et al. 2003; Wegner et al. 2010; Montes et al. 2012) . At the beginning of the Pleistocene, paleogeographical and paleoclimatic events influenced the area, with a global climate change towards cooler temperatures (~2.8 Mya), and the final closure of the Isthmus of Panama (2.7-2.6 Mya) triggering a significant biogeographical event, the great biotic American interchange (see Molnar 2008 for a review). Given the apparent synchrony of phylogenetic events with paleogeographical and paleoclimatic events, we further evaluated the hypothesis that the geographical persistence of phylogenetic lineages and their diversification may correlate with the regional geological history of land formation. To do this, we used available dates for the magmatic evolution of Isthmus of Panama to test whether sequentially formed terrains were randomly colonized by lineages (H 0 ) or whether the temporal emergence of lineages correlates with the temporal sequence of magmatic evolution and the formation of new colonizable territories (H 1 ). Based on their geographical distributions, we assigned the most recent common ancestor (MRCA) of each lineage to one of the three main volcanic arcs designated by Wegner et al. (2010) : adakite suite (western Panama, < 2 Mya), Cordilleran arc (midwestern Panama, 22-7 Mya) and Chagres-Bayano arc (Central Panama, . In the few cases where daughter lineages now live in different regions, the same MRCA date was assigned to both. We then tested the hypothesis that the three MRCA distributions are consistent with the progressive volcanic arc formation of the three geographical regions against a null hypothesis of random association. Wilcoxon ranksum tests reveal that Chagres-Bayano arc MRCAs are significantly older than both Cordilleran arc MRCAs (Pvalue < 0.0005) and adakite suite MRCAs (Pvalue < 0.0004) and that Cordilleran arc MRCAs are older than adakite suite MRCAs (P-value < 0.01), in perfect agreement with the volcanic arc series (Fig. S6 , Supporting information).
Molecular lineages, species boundaries and species richness
An assessment of terminal monophyletic clades, comprised of the same individuals in both the COII and EF1a trees (Fig. S4-S5, Supporting information) , results in a total of 58 molecular lineages (Fig. 3) . Across the 14 sampling sites, 34 molecular lineages are found in sympatry with at least one other molecular lineage belonging to the same morphospecies. Perhaps not surprisingly, sympatric lineages are found only within the more densely sampled morphospecies (L.ve: 22 sympatric lineages; L.b1b: 7; L.b2b: 5). To evaluate the significance of apparent mitochondrial and nuclear DNA sequence cosegregation patterns among sympatric molecular lineages, we tested for linkage disequilibrium (LD) and Hardy-Weinberg equilibrium (HWE), considering as a null hypothesis that individuals of the same morphospecies within a sampling site belong to a panmictic population. Tests were performed for morphospecies populations in which sympatric molecular lineages are represented by four or more individuals. This resulted in the analysis of six morphospecies populations comprising a total of 19 molecular lineages (L.b1b-SanFelix 3 sympatric lineages; L.b2b-ElValle 3; L.ve-Darien 4; L.ve-Fortuna 3; L.ve-P.I.L.A. 3; L.ve-SanFelix 3). Within all the six morphospecies populations, both null hypotheses of linkage equilibrium and HWE were rejected (P-adj < 0.04). As a more rigorous test, we performed pairwise analyses between sympatric molecular lineages sampled for two or more specimens (L.b1b-SanFelix-2 vs. 3; L.ve-Fortuna-2 vs. 3; L.ve-P.I.L.A.-1 vs. 2; L.ve-SanFelix-1 vs. 2). All pairwise comparisons resulted in the rejection of both random association of alleles between the two loci and HWE with a significant distribution skewed towards a loss of heterozygosity (P-adj < 0.03). This excess of homozygosity is consistent with the Wahlund effect and reproductive isolation among cryptic species. We also tested for the random association of alleles across loci and HWE within four sufficient molecular lineages, a further evaluation of the BSC. After corrections of p-values to account for multiple comparisons, no significant deviation from LD and HWE was detected, suggesting that molecular lineages are consistent with biological species. We applied the Wilcoxon rank-sum test to evaluate whether the distribution of pairwise genetic P-distances (p) within allopatric molecular lineages differs from that of sympatric molecular lineages. We found no significant difference between the two distributions (COII P-value = 0.06; EF1a P-value = 0.95), indicating that allopatric molecular lineages exhibit genetic divergences consistent with reproductive isolation from other such lineages (Fig. S7, Supporting information) .
A rarefaction analysis was performed for both morphospecies and phylogenetic lineages (Fig. 4) . While the rarefaction analysis suggests it is unlikely that there are additional morphospecies that we have not sampled, the implications for phylogenetic lineages are quite different. The steepness of the lineage curve suggests that regional diversity is much greater than the 59 phylogenetic lineages sampled. A rarefaction analysis of data generated by Cicconardi et al. (2010) yields a similar result for morphospecies and phylogenetic lineages within the northwestern Mediterranean basin (Fig. 4) .
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Discussion
Temporal and geographical lineage diversification
The five morphologically defined species of Lepidocyrtus sampled within the region of Panama reveal a striking level of molecular genetic differentiation, with both mitochondrial and nuclear markers exhibiting divergent DNA sequences with restricted geographical ranges. The few identical sequences recovered in our analyses were always sampled from the same morphospecies within the same sampling site, with only two exceptions: a single mtDNA haplotype and a single nuclear allele are shared between two geographically proximate sampling sites. Diversification within the focal group is estimated to have initiated at least 40 Mya, resulting in 62 phylogenetic lineages defined from a joint Bayesian analysis of mitochondrial and nuclear DNA sequence data. Thirty phylogenetic lineages were already distinct more than 10 Mya, while the Pleistocene is characterized by 46 lineages prior to its onset that survived through this 1.8 Mya period. An estimated increase in the rate of diversification approximately 16 Mya coincides with the emergence of the first colonizable lands within the Isthmus, and our analyses indicate that the geographical distribution of phylogenetic lineages within Collembola has been shaped by paleogeographical events within the region. The temporal pattern of establishment of molecular lineages follows a westward progression, with more ancient eastern populations subsequently and progressively colonizing newly emergent terrains to the west. This pattern is in general accordance with that observed within freshwater fishes of the region, where two dispersal events occurred in the area, both with a westward direction, before (~7 Mya) and after (~3 Mya) the closure of the Isthmus of Panama (Bermingham & Martin 1998) . The pattern of deeply divergent but geographically localized phylogenetic lineages observed within Panamanian morphospecies of Lepidocyrtus is consistent with results obtained by Cicconardi et al. (2010) , who examined seven traditionally described morphospecies from the genus Lepidocyrtus in the northwestern Mediterranean basin. Their combined analysis of highly concordant mtDNA and nuclear EF1a gene sequences revealed an Oligocenic or pre-Oligocenic origin of more than 23 Mya for lineage diversity within and among morphospecies. Cicconardi et al. (2010) identified 35 phylogenetic lineages in the northwestern Mediterranean basin that were already distinct more than 5.8 Mya, indicating their survival and persistence through the dramatic environmental perturbations of the Messinian salinity crisis. The Pleistocene is characterized by 52 phylogenetic lineages prior to its onset that survived through the climatic oscillations during this 1.8 Mya period. Deeply divergent DNA sequence lineages are frequently recovered within morphologically defined species of Collembola, with lineages often exhibiting narrow geographical ranges (Timmermans et al. 2005; Stevens et al. 2006; Garrick et al. 2007; Cicconardi et al. 2010; Torricelli et al. 2010; Ramirez-Gonzalez et al. 2013) . While this diversity has been suggested to be indicative of cryptic species diversity (Cicconardi et al. 2010; Torricelli et al. 2010; Emerson et al. 2011) , until now only limited evidence has been available to evaluate this hypothesis (Cicconardi et al. 2010) . The fortuitous sampling of divergent molecular lineages in sympatry within the Panama has allowed us to formally evaluate sequence diversity within morphospecies against the BSC.
Genetic diversity and its biological significance
The class Collembola has a worldwide distribution, but it is only moderately diverse in terms of species number. While few in number, Collembola species frequently exhibit unusually broad geographical ranges for species incapable of flight. While these species number is recognized to be an underestimation of true species diversity, a projected estimate of approximately 50 000 species (Hopkin 1997 compared to estimates of up to 5 000 000 species within the class Insecta (Gaston 1991; Chapman 2009 ). Recent molecular studies raise the possibility that the undersampling hypothesis is not the only plausible explanation to interpret their low species richness, and Emerson et al. (2011) presented evidence supporting a hypothesis of taxonomically and geographically pervasive cryptic species diversity within morphologically defined species. Nevertheless, the significance of this diversity in terms of biological species can only be assumed and never proved. Cicconardi et al. (2010) were able to directly assess two molecular lineages within one of their seven morphospecies of Lepidocyrtus against the BSC, finding support for their status as biological species, but the remainder of the phylogenetic lineages they described could not be assessed as they were only sampled in allopatry. Our sampling of five morphologically defined species of Lepidocyrtus in the Isthmus of Panama recovered 58 well-defined molecular lineages ( Fig. 2-3 (Fig. 4) reveals that morphospecies diversity has been exhaustively sampled, while it is clear that biological species diversity, as estimated by coalescent units, has only been partially sampled within each region. These results have significant implications for global biological species diversity, both within the genus Lepidocyrtus and within the many other genera of Collembola with molecular signals of cryptic species diversity (Emerson et al. 2011) .
Conclusions
Collembola are one of the more ancient groups of arthropods to have colonized the terrestrial environment, with broad environmental tolerances among species appearing to have facilitated their ubiquitous occurrence across a wide range of ecosystems, from dry arctic environments through alpine tundra and deserts to humid tropical rain forests. Their low species diversity and typically broad geographical ranges have been an enigma that has recently been challenged, with the suggestion that morphology may be an inappropriate tool for the delineation of species (Emerson et al. 2011) . This is supported by recent molecular studies reporting high levels of DNA sequence divergence within morphologically defined species, but without a demonstrated relationship between this variation and biological species boundaries. We have assessed 58 intramorphospecies molecular lineages, sampled from within five morphologically defined species of Collembola sampled in the Isthmus of Panama, against the BSC, finding that molecular lineages are consistent with biological species. Biological species richness within the class Collembola is clearly underestimated by morphological approaches, with local species richness estimates from molecular lineage sampling indicating the need for intensive sampling to estimate species richness, even at a small local scale. Biological species richness within the class Collembola and the geographical structure of this diversity are substantially misrepresented components of terrestrial animal biodiversity. We speculate that global species richness could be at least an order of magnitude greater than a previous estimate of 50 000 species (Hopkin 1997 F.C. and B.C.E designed the study and wrote the manuscript. F.C. performed sampling, sequencing and analysis. P.P.F. performed species identification.
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